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Abstract The 3D structure of Pn, the central protein that 
controls the level of transcription and the enzymatic activity of 
glutamine synthetase in enteric bacteria revealed that residues 
37-55 form the 'T' loop, part of which protrudes from the core of 
the protein. Within this loop are the only two tyrosine residues 
that occur in the polypeptide, and one of them, Tyr-51, has been 
shown by chemical modification studies to be the site of 
uridylylation. Since tyrosine at position 46 is conserved in all 
known Pu proteins, oligonucleotide directed mutagenesis was 
used to investigate the role of the two residues. Changing Tyr-51 
to phenylalanine or serine abolished uridylylation. Altering 
tyrosine at position 46 to phenylalanine affected the rate of 
uridylylation of the protein. This latter mutation does not alter 
the structure of Pn but the reduction in the uridylylation 
efficiency suggests a role for this residue in recognition and 
binding of the sensor enzyme uridylyl transferase. 
Key words: Bacterial signal transduction; Uridylylation; 
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1. Introduction 
Nitrogen availability is critical for survival of microorgan- 
isms and hence the key enzyme for assimilation of ammonia, 
glutamine synthetase (GS), is very tightly regulated by feed- 
back regulation, activity control by covalent modification and 
gene expression. The latter two regulatory mechanisms in- 
volve the small signal transducing protein PH which serves 
as a relay centre between the nitrogen sensor and GS. 
In Escherichia coli, cellular nitrogen status is sensed by the 
water soluble bifunctional enzyme, uridylyl transferase/remo- 
vase (UT/UR; glnD gene product). In the event of nitrogen 
excess ([NH3] > 1 mM) the uridylyl removase activity of UT/ 
UR is stimulated so that Pn is predominantly in the unmodi- 
fied form. Unmodified Pn interacts with the bifunctional en- 
zyme adenylyl transferase (ATase) to inactivate GS by cova- 
lent attachment of AMP group to the hydroxyl residue of Tyr 
at position 397 of each subunit [1]. Also, unmodified PIT inter- 
acts with NRn (nitrogen regulatory protein with phosphatase 
and kinase activity) to dephosphorylate he transcriptional 
enhancer binding protein NRI-P to reduce the concentration 
of GS in the cell. Thus, as a consequence of protein-protein 
interaction between unmodified Pit and ATase or NRn, GS is 
inactivated and its cellular concentration is reduced. 
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During nitrogen starvation ([NH3] < 1 mM), UT/UR cata- 
lyses the covalent attachment of UMP groups onto PTT. Sub- 
sequently, Pn-UMP interacts with ATase to deadenylylate GS 
to restore its enzymatic activity. The absence of unmodified 
Pn stimulates the kinase activity of NRII to phosphorylate 
NRI. Phosphorylated NRI and the nitrogen regulated sigma 
factor (a 54) act in concert o increase the concentration of GS 
by enhanced transcription from the nitrogen regulated promo- 
ter glnAp2 [2-4]. 
While much is known about the genetics of nitrogen assim- 
ilation and also the order of the events that lead to the control 
of activity and level of GS, our knowledge of the functionally 
significant conformational changes that take place during the 
signalling is limited. As a first step towards addressing this 
imbalance the 3D structure of unmodified Pn has been ob- 
tained [5,6]. PII is a highly conserved protein in bacteria and 
the recent discovery of a second Pii-like protein, GlnK, in 
E.coli [7] as well as the PH homologues in other bacterial 
strains have increased the interest in the structure and func- 
tion studies of the protein [8]. 
Pit is a compact rimer consisting of an inner core of three 
antiparallel p-sheets that interlock the subunits (each consist- 
ing of 112 amino acids, 12.4 kDa). An outer ring of six 
a-helices urround the central core of B-sheets. The most in- 
triguing feature of the 3D structure of Pn is the exposed T- 
loop formed by residues 37-55 of each subunit that is con- 
nected by ~-strands 2 and 3 [6]. This loop also contains two 
highly conserved Tyr residues, at positions 46 and 51, found 
in PTr from various different species. The hydroxyl group of 
Tyr at position 51 which lies at the apex of the loop has been 
identified by protein chemical studies to be the site of uridy- 
lylation [9]. Interestingly, Tyr-46 is completely conserved in all 
PII proteins [5] including the P• homologue from B. subtilis 
which has an lie in place of Tyr at position 51 [10]. 
In order to confirm the site of uridylylation and determine 
the significance of the invariant Tyr 46 in the signalling func- 
tion of this protein, we have used site-directed mutagenesis to
change the residues to Phe individually. We also show that the 
3D structure of the Y46F mutant is not distinct from the wild- 
type Pn structure and discuss the role of the T-loop with 
respect o uridylylation. 
2. Materials and methods 
2.1. Bacterial strains, media nd growth conditions 
E. coli K12 strain AN1459 containing plasmid pCG647 has been 
described previously [11]. E. coli strain RB9040 (glnD99: :Tnl0; [12]) 
and plasmid pWVH55 containing the glnD gene were kindly provided 
by Drs van Heeswijk and Westerhoff [13]. E. coli strain TG1 [14] was 
provided with the Sculptor site-directed mutagenesis kit (Amersham). 
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Phagemid pMA200U which has the tandem bacteriophage lambda 
promoters Prt and PL has been described previously [15]. Cells were 
grown at 37"C in LB medium at pH 7.0 with ampicillin (100 ~g m1-1) 
where appropriate. Cells bearing phagemid pMA200 or derivatives, 
plasmid pCG647 and plasmid pPL450 or derivatives were grown at 
30°C. 
2.2. DNA manipulations 
Standard methods were used for in vitro DNA manipulations e - 
sentially as described in Sambrook et al. [16]. Oligonucleotide directed 
mutagenesis u ing primers Y46F (5' GCCGCGGAACAGCTCGGT), 
Y51F (5' ATCCACCATAAACTCCGC) and Y51S (5' ATCCAC- 
CATGGACTCCGC) were carried out using phosphorothioate nu- 
cleotides by the Eckstein method [17,18] with modifications outlined 
in the manufacturer's protocol (Amersham). Single-stranded phage- 
mid DNA was produced and purified according to Vieira and Messing 
[19]. Mutations were selected by hybridisation screening and con- 
firmed by Sanger dideoxy chain termination sequencing [20] of the 
glnB gene to ensure that no other changes had occurred uring mu- 
tagenesis. Sequencing was carried out using the mutagenic primer or 
primers Pn-FSP (5' AATGAAT/'CGCGTTATGT) and PII-RSP (5' 
AATGCTTrGGCCCGCAT). 
2.3. Plasmid constructions 
2.3.1. Phagemid pRJ 1. Plasmid pCG647 was digested with re- 
striction endonucleases BamHI and SmaI to obtain a 1472 bp frag- 
ment containing the glnB gene which was cloned into similarly cut 
sites in phagemid pMA200U [15]. 
2.3.2. Plasmid pNVIO1. An ,~2.8 kb fragment containing the 
glnD gene was isolated from plasmid pWVH55 after digestion with 
restriction endonuclease BamHI and KpnI and cloned into similarly 
cut expression plasmid pPL450 [21]. 
2.4. Expression oU PII and UTase 
The overproduction of proteins coded by genes borne on plasmids 
under the control of the strong lambda PFt and PL promoters was 
induced by a temperature shift from 30 to 42°C. Transcription from 
the lambda promoters i repressed at 30°C by the thermolabile r pres- 
sor supplied by the temperature-sensitive c 857 gene carried on the 
expression plasmid, and derepressed at42°C. Over-expression f pro- 
teins by induction was monitored by SDS-PAGE. 
2.5. Purification of Pii 
E. coli strain RB9040 bearing plasmid pRJ1 or pRJ1 with appro- 
priate single site mutations was used for production of wild-type PII 
and mutants. The production and purification of the proteins were 
essentially as described previously [11] with the exception that the cell- 
free extract obtained after French press lysis was treated with DNase 
(10 ~tg/ml) for 1 h at 37°C. Similarly, UT/UR produced by the direc- 
tion of plasmid pNV101 was partially purified by ammonium sulfate 
precipitation followed by DEAE ion exchange chromatography. 
2.6. Uridylylation assay 
The centrifugation assay method used for radioligand binding to 
membrane receptor proteins was essentially as described by Hulme 
[22]. The assay components were made up as two cocktails: cocktail 
I (stored as 80-~tl aliquots at -20°C) consisted of HEPES pH 7.5 (25 
mM), a-ketoglutarate (1.25 raM), MgC12 (25 mM), DTT (1.25 mM) 
and KC1 (125 mM); cocktail II (stored as 5-/.tl aliquots at -700C) 
consisted of 40 mM ATP and [a-33P]UTP diluted with unlabelled 
UTP (4 raM). Purified Pn (5 ~, 16 ~tg) was added to 80 ~tl of cocktail 
I and 5 ~tl of cocktail II and incubated at 30°C for 2 min. The 
uridylylation reaction was started by adding partially purified UTase 
(10 pA, ~ 1 lxg as judged visually on SDS-PA gel) and incubated at 
30°C for the required time (2-120 min). The reaction was terminated 
by addition of 0.5 ml ice-cold BSA (0.1 mg/ml solution) and 0.5 ml 
trichloroacetic acid (20% w/v). The mixture was left standing on ice 
for 30 min and protein precipitate was pelleted by centrifugation at
14000 rpm for 10 min. The supernatant was poured off. The pellet 
and the sides of the tube was washed by carefully immersing the tube 
serially into two large beakers containing 1 1 deionised water each. 
The tubes were air dried in an inverted position to remove excess 
liquid and the pellet was suspended in 100 Ixl of water by ultrasonica- 
tion in a water bath for 2 min. After addition of 1 ml of scintillation 
fluid (BCS, Amersham) the mixture was vortexed briefly and counted 
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in a scintillation counter (Wallac 1410, Phannacia). The assay was 
performed in duplicates and the final counts were within 5%. Protein 
concentration was determined by the method of Bradford [23]. Non- 
denaturing PAGE to examine the extent of uridylylation was carried 
out essentially as described by Forchhammer and Tandeau de Marsac 
[241. 
2. 7. Crystallisation 
Pn Y46F was crystallised from a mixture of 18 mg/ml protein and 
0.4-0.8 M phosphate buffer, pH 7.1 placed over a 2.1 M phosphate 
reservoir. Hexagonal crystals isomorphous with the native crystals 
appeared after 2 weeks. Attempts to crystallise PII Y51F from a vari- 
ety of conditions have so far only produced small crystals unsuitable 
for data collection. 
2.8. Crystallographic methods 
X-ray data were collected on a Rigaku RAXIS-IIC imaging plate 
detector mounted on a Rigaku RU200 rotating anode X-ray genera- 
tor operating at 50 kV and 100 mA. The space group and unit cell 
dimensions were determined using RAXIS data processing software. 
A total of 22 128 reflections were reduced and merged to give 8783 
unique reflections with a merging R factor of 9.5% on intensities. The 
twin fraction for the data was calculated to be 0.24 and a correction 
for twinning applied to the data [6]. This gave a final total of 7984 
unique reflections. The data are 83.7% complete to 2.1 A resolution 
(86.6% complete in the 8-2.5 A shell). 
2.9. Structure solution and refinement 
The prosram X-PLOR v3.1 [25] was used for all calculations. The 
native 1.9 A Pn structure [6] was used as an initial model for fitting to 
the Y46F mutant data. A positional refinement using data between 8
and 2.5 A resolution with F> 2G(F) (3573 reflections) gave an initial 
R factor of 21.9%. Inspection of difference Fourier maps at this stage 
showed the presence of negative density over the OH of Tyr-46. This 
is indicative of the absence of an oxygen atom and confirmation of the 
mutation to a phenylalanine amino acid residue. Tyr-46 was then 
replaced by a Phe residue in the model. Minor changes were made 
to the model which was refined further by simulated annealing (4000- 
300 K in 25 K and 0.05 fs steps), individual B factor and positional 
refinement. This gave a final R factor of 20.9% for data between 8and 
2.5 A resolution and F> 2G(F). 
3. Results and discussion 
3.1. Expression of  Pit and mutants 
Previously we over-expressed PH and separated the un- 
modified PII from the uridylylated form [5,11]. In this work 
WT Y46F  Y51F  Y51S 
30* 42" 30* 42* 30* 42" 30" 42* kDa 
94 
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3o 
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Fig. 1. Overproduction of wild-type PlI and PII mutants Y46F, 
Y5IF and Y51S. Coomassie blue stained SDS-PA gel (15%) show- 
ing whole cell lysate of indicated samples withdrawn before induc- 
tion when cells were grown at 30°C to an OD595 of ~0.5 and sam- 
pies withdrawn 2 h post induction by growth at 42°C. The cells 
were suspended in SDS-gel loading buffer to an OD59~ of 10. The 
arrow indicates the position of Pn. 
A 
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Fig. 2. (A) Stereo view of the Cc~ trace of Pn trimer showing Y46 and Y51. (B) Stereo view of the Ca trace of T-loop of PII monomer showing 
the bend in the loop. The figure was prepared with the program MOLSCRPT [27]. 
the expression of PII and mutants were carried out in E. coli 
strain RB9040 (UT/UR deficient strain) so that only unmodi- 
fied PII was formed. The expression levels of wild-type Pn 
directed by plasmid pCG647 was identical to that previously 
reported in strain AN1459 and furthermore the expression 
level was not affected when the DNA insert bearing the 
glnB gene obtained from pCG647 was cloned into phagemid 
pMA200U (data not shown). The fragment was subcloned 
into phagemid pMA200U [15] to facilitate the direct expres- 
sion of the mutants after they were identified by hybridisation 
or DNA sequencing. Fig. 1 shows the SDS-PAGE analysis of 
whole cell samples prior to induction and 2 h post induction. 
This result indicates that the Y46F mutant is expressed at the 
same level as wild-type Pn. The YS1F mutant, on the other 
hand, only expressed around 10-20% compared to wild-type 
or Y46F. Initially, it was thought hat the reduced expression 
was due to mutations in the glnB gene acquired during the 
oligonucleotide directed mutagenesis reaction. The nucleotide 
sequence of glnBY51F revealed that there were no changes in 
open reading frame other than the intended. Also, the native 
ribosome binding site in the 5' untranslated region of glnB 
was unchanged. In order to exclude the possibility that the 
reduced expression may be due to mutations in the promoter 
region of the expression vector, the glnB gene with the YS1F 
mutation was subcloned into freshly cut phagemid vector 
pMA200U. This, however, did not change the level of expres- 
sion. 
A plausible explanation for the reduced level of expression 
may be the hydrophobicity of Phe at position 51. The hydro- 
pathy index for tyrosine is -1.3 compared to phenylalanine 
for which it is 2.8 [26]. From the 3D structure of PII vce know 
that Tyr at position 51 is at the apex of the T-loop and its 
hydroxyl group is about 13 A away from the flat surface of 
the PII trimer [5]. The hydroxyl group of Y51 is probably 
critical for solvation of the polypeptide chain during folding. 
If this is so then replacement with the more hydrophobic Phe 
at position 51 may result in misfolding of the protein and 
consequently subject the protein to rapid proteolysis. One 
may point out that this argument is inconsistent with the 
natural occurrence of a hydrophobic amino acid, Ile, at posi- 
tion 51 in a PII homologue from B. subtilis [10]. However, the 
B. subtilis protein has the lowest amino acid identity (41%) to 
E.coli PII [5] so its signalling mode and 3D structure of the 
loop may be quite different. The substitution of Tyr at posi- 
tion 51 with Ser restored the expression to wild-type level 
(Fig. 1). This result indirectly supports our hypothesis that 
changing the highly exposed Tyr-51 residue to more hydro- 
phobic residues may lead to misfolding and proteolysis, since 
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PIcOUMP 
P,-O to 3UMP 
Pjn-3UMP 
Fig. 3. Analysis of uridylylation of Pn by non-denaturing PAGE. 
Lanes: 1, unuridylylated Pn (Pn-0UMP); 2, partially uridylylated 
PH showing all the four molecular forms, Pn-0UMP to Pn-3UMP; 
3, >95% uridylylated Pn-3UMP. The uridylylation reaction (see 
Section 2) for lane 2 was stopped at 10 min and for lane 3 at 20 
min. The samples were separated on a 8% polyacrylamide g l and 
visualised by Coomassie blue staining. 
it is unlikely that a single base change in the middle of the 
glnB ORF can result in a lower level of transcription. The 
high level of expression of Y46F in comparison suggests 
that this residue is not as highly exposed to the solvent as 
Y51. Fig. 2A shows the position of tyrosine residues of the 
Pn polypeptide in the trimer. The 20 residue long T-loop is 
bent in the middle to form an 'U-shaped structure (Fig. 2B) 
with several interacting residues including a sharp turn result- 
ing from a hydrogen bond between Glu-40 and Gly-41. 
Although Y46 itself is not hydrogen bonded the interaction 
of the other amino acids within the loop places it in a partially 
solvent-excluded pocket [6]. 
3.2. Uridylylation of Pn and mutants 
The in vitro uridylylation of cell-free xtracts from UT/UR 
deficient cells(RB9040) expressing the wild-type or mutant 
proteins gave a high background ue to non-specific binding 
of radioactivity (data not shown) hence the proteins were 
purified and analysed by uridylylation assay. Purification of 
Pn and the mutants was achieved using the three-step roce- 
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Fig. 5. Alignment of the Pn 'T-loop' sequences from various pecies. 
Ec, Escherichia coli glnB, Ec*, Escherichia coli glnK; Kp, Klebsiella 
pneumoniae; Hi, Haemophilus influenzae; Av, Azotobacter vinelandii; 
Rc, Rhodobacter capsulatus; Rs, Rhodobacter sphaeroides; R1, Rhizo- 
bium leguminosarurn; Bj, Bradyrhizobium japonicum; Ab, Azospiril- 
lure brasilense; Sy, Synechococcus strain; Por, Porphyra purpurea 
and Bs, Bacillus ubtilis. 
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Fig. 4. In vitro uridylylation of Pn and mutants. T ime course of uri- 
dylylation of PII and mutants (5 /.tg each) were carried out as de- 
scribed in Section 2. The mutants PnY51F (zx) and PnY51S ((3) 
are not uridylylated whereas PnY46F (O) is not as efficiently uridy- 
lylated as wild-type Pn ([]). 
dure [11] that varied slightly from the protocol of Son and 
Rhee [9] but was based on the 13-mercaptoethanol fractiona- 
tion procedure. Fig. 3 clearly shows that Pn purified by this 
method is around 95% modified by uridylylation (i.e. suitable 
substrate for UT/UR) and can be resolved from unmodified 
Pn by native PAGE. 
The uridylylation profile of purified Pn or the mutants 
shown in Fig. 4 indicates that Y51F or Y51S mutant Pn is 
not uridylylated. Son and Rhee [9] have previously shown that 
Y51 was the site of uridylylation based on protein chemical 
studies, and our data obtained from studies with mutants at 
this position confirm the result. The weakly acidic hydroxyl 
group of Ser at position 51 cannot replace the phenoxyl group 
of Tyr as the acceptor of the UMP group via a phosphate 
ester linkage. The rate of uridylylation of Pn-Y46F mutant is 
significantly slower than wild-type PII. The profile in Fig. 4 
shows that under conditions of the in vitro assay when wild- 
type Pn is maximally uridylylated after 20 min, only 40% of 
Pn Y46F was uridylylated. The exposed structure of the T- 
loop (amino acid residues 37-55) and the very high degree of 
I 
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E 
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1 2 3 4 5 6 7 8 9 10 
"flme/mln 
Fig. 6. Inhibition of uridylylation of PH by the PnY51F and Y51S. 
5 gg of wild-type Pn (n) was used in the uridylylation assay which 
was carried out as described in Section 2. Competition experiments 
using 5 gg of PIIY51F (zx) or PHY51S (©) were incubated with 
wild-type PII in the uridylylation assay. 
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Fig. 7. Negative density map of PIIY46F contoured at -3.5o. 
sequence conservation i this region (Fig. 5) of PH from var- 
ious species uggest hat this may be the recognition site for 
UT/UR. Recently, Ninfa and colleagues have demonstrated 
that ATP and a-ketoglutarate bind to PII [2]. The binding of 
ATP and a-ketoglutarate must play a role in presentation of
the correct loop confirmation to the active site of the sensor 
enzyme. The reduction of uridylylation efficiency of Y46F 
supports this notion and it is likely that mutations of other 
amino acids in the loop may similarly affect the rate of 
uridylylation. Indeed, Holtel and Merrick [28] have obtained 
the nucleotide sequence of a glutamine auxotroph of K. pneu- 
moniae glnB502 where the only change in the glnB ORF re- 
suits in E50K mutation. In vitro uridylylation has not been 
attempted on this mutant but the glutamine auxotrophy phe- 
notype may be due to lack of PII-UMP formation. Other 
highly conserved residues within the T-loop may play a role 
in the recognition and binding to UT/UR and also be in- 
volved in the enzymatic mechanism during uridylylation or 
deuridylylation. Also note that in B. subtilis residue 50 is a 
Lys, which again points to the likelihood that the structure 
and function of this Pii-like protein especially in the loop 
region, may be quite different. 
3.3. Inhibition of UT/UR 
Little is known about UT/UR due to its labile nature. The 
preliminary data presented in Fig. 6 show that both Pu Y51F 
and Y51S inhibit UT/UR. The observed (probably competi- 
tive) inhibition suggests that the mutant proteins can interact 
with UT/UR at the same docking site as wild-type PII. 
Furthermore, this result complements he data presented in 
Fig. 4, in showing that the lack of uridylylation of the two 
mutants is not due to their inability to interact with UT/UR. 
A more complete analysis of this inhibition is currently under 
way and this may be useful for co-crystallisation f Pn-Y51S 
with UT/UR. 
hydroxyl group of Y46 is not involved in hydrogen bonds 
interactions within Pn and also is not as highly exposed as 
Y51. 
4. Conclusion 
The 3D structure of unmodified PH provided an initial view 
of how some of the protein-protein i teractions that are cri- 
tical for signal transduction i  the nitrogen assimilation cas- 
cade may occur. Here we have shown that Y51 is the site of 
uridylylation of PH and that the solvation of this residue may 
be important for the folding of the protein, at least under the 
conditions of high level protein expression. While little is 
known about the sites of interactions of PH with either UT/ 
UR or the other proteins in the cascade, this work has for the 
first time using site-directed mutagenesis shown that the T- 
loop is involved in recognition and binding to UT/UR. This 
inference is drawn from the Y46F mutation which does not 
prevent uridylylation of Pn but is nonetheless not uridylylated 
as efficiently as wild-type Pn and the isolation of the gluta- 
mine auxotroph phenotype of K. pneumoniae, glnB502 which 
has an E50K mutation. Neither Y46 nor E50 is the uridylyl- 
ated residue. The T-loop is not a random structure and the 
phenoxyl group of Tyr-51 is more solvent exposed than that 
of Tyr-46. 
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3.4. Crystallisation of  Pn mutants and structure of Pit Y46F 
The PII Y46F crystals are similar to the native PH crystals 
and belong to the hexagonal P63 space group with unit cell 
dimensions of a = b = 61.55 ,~ and c = 56.28 ,~. The presence of 
negative density over the absent phenolic oxygen of Tyr-46 in 
the initial model confirms the presence of a Phe residue at 
position 46 in the Y46F mutant (Fig. 7). There are no struc- 
tural differences between the mutant Y46F and native PH. The 
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